Vacuolar H þ -ATPase (V-ATPase) has a crucial role in the vacuolar system of eukaryotic cells. It provides most of the energy required for transport systems that utilize the protonmotive force that is generated by ATP hydrolysis. Some, but not all, of the V-ATPase subunits are homologous to those of F-ATPase and the nonhomologous subunits determine the unique features of V-ATPase. We determined the crystal structure of V-ATPase subunit C (Vma5p), which does not show any homology with F-ATPase subunits, at 1.75 Å resolution. The structural features suggest that subunit C functions as a flexible stator that holds together the catalytic and membrane sectors of the enzyme. A second crystal form that was solved at 2.9 Å resolution supports the flexible nature of subunit C. These structures provide a framework for exploring the unique mechanistic features of V-ATPases.
INTRODUCTION
Vacuolar H þ -ATPase (V-ATPase) is functionally and structurally related to the mitochondrial and chloroplast F-ATPase. The most fundamental difference between F-and V-ATPases is a consequence of their unique function and origin. The main function of F-ATPases is to synthesize ATP at the expense of a proton-motive force generated by electron transport chains; the main function of V-ATPases in eukaryotic cells is to generate a proton-motive force at the expense of ATP and to cause limited acidification in the internal space (lumen) of several organelles of the vacuolar system (Stevens & Forgac, 1997; Nelson & Harvey, 1999; Nishi & Forgac, 2002) . The origin of the eukaryotic F-ATPase is rooted in the eubacteria that evolved into chloroplasts and mitochondria, and because its assembly requires organellar gene products, it is confined to these organelles and shows no contact with the cytoplasm (Nelson, 1992) . The origin of V-ATPase is related to the F-ATPase of archaebacteria, and evolved in eukaryotes concomitantly with the secretory pathway. In contrast to the F-ATPase, V-ATPase is vital to almost every eukaryotic cell, and except for yeast, its destruction causes lethality (Nelson & Harvey, 1999) .
Both F-and V-ATPases are multisubunit protein complexes made up of distinct catalytic and membrane sectors. F-ATPase of Escherichia coli is composed of only eight subunits-five in the catalytic sector and three in the membrane sector-and the stoichiometry of its various subunits is 3a, 3b, 1g, 1d, 1e, 1a, 2b and 10c (Jiang et al, 2001 ). The structural information that was obtained in the last decade on F-ATPase and its subunits shed light on one of the most intricate catalytic activities in nature (Abrahams et al, 1994; Stock et al, 1999; Gibbons et al, 2000) . The crystal structure of bovine mitochondrial F 1 -ATPase showed an alternating arrangement of three a-subunits and three b-subunits around the central helical coiled-coil g-subunit (Abrahams et al, 1994) . The structure strongly supported the binding change mechanism, proposed by Boyer (1993) , involving alterations at the nucleotide-binding sites of the catalytic b-subunits.
The intriguing question is how much of the structure, and consequently the mechanism of action, has been preserved in V-ATPases. In yeast, subunits A (Vma1p) and B (Vma2p) of the catalytic sector are assumed to function in similar if not identical fashion to F-ATPase subunits b and a, respectively. Subunits D (Vma8p) and F (Vma7p) and the proteolipids (Vma3p, Vma11p and Vma16p) are the best candidates for acting as the rotor of the enzyme. Subunits E and G (Vma4p and Vma10p) were postulated to function as stators holding the static parts of the enzyme that include subunits A, B and a (Nelson et al, 2002; Nishi & Forgac, 2002) . Additional subunits are necessary for the assembly and/or function of V-ATPase, and in their absence yeast cells show V-ATPase null phenotype (Nelson & Harvey, 1999) . Subunit d (Vma6p) is peripherally attached to the cytoplasmic face of the membrane sector (Stevens & Forgac, 1997) . Recently, the crystal structure of subunit C of Thermus thermophilus V-ATPase was determined (Iwata et al, 2004) . This subunit is not homologous to subunit C of eukaryotic V-ATPases and it shows low homology to V-ATPase subunit d (Nishi & Forgac, 2002) . Subunit H (Vma13p) is required for the activity of the enzyme, but in its absence all the other subunits could be assembled. This subunit is the only one for which a high-resolution structure is available (Sagermann et al, 2001) . Subunit C (Vma5p) is required for the proper assembly of V-ATPase, and may not only function as part of the stator but also show actin-binding properties (Beltrán et al, 1992; Curtis et al, 2002; Vitavska et al, 2003) . Vma5p is the only subunit that reversibly leaves the enzyme in glucose deprivation, causing the catalytic subcomplex to detach from the membrane sector (Curtis et al, 2002) . We sought to understand the interaction between Vma5p and other V-ATPase subunits and its possible role in directing the enzyme to its target membranes by interaction with the cytoskeleton. To this end, we determined the X-ray crystal structure of V-ATPase subunit C from yeast cells, and describe here a model at 1.75 Å resolution.
Structure of Vma5p at 1.75 Å resolution
Data collection and phasing statistics, the refinement statistics and the model stereochemistry of the hanging-drop crystals have been reported (Drory et al, 2004 ; see supplementary information online). The two different crystal packings and the quality of the electron density maps of the two forms at the 'foot' region are shown in Fig 1. In the hanging-drop crystals, the expressed protein crystallized as a head-to-tail dimer in the crystal lattice ( Fig 1A) . In sitting drops, Vma5p was crystallized as a monomer at a distinct conformation ( Fig 1B) . Fig 1C shows the experimental electron density map of a representative region of the hanging-drop crystal. The structure is resolved at 1.75 Å (R cryst ¼ 0.21 and R free ¼ 0.23) and the fit to the electron densities is very good along the resolved polypeptide chains. Fig 1D shows the experimental electron density map of the same region of the sitting-drop crystal, with a lesser quality of the electron density map at 2.9 Å resolution. Despite the relatively low quality of this solution (R cryst ¼ 0.29 and R free ¼ 0.35), the distinct conformation of the Vma5p in the sittingdrop crystal is quite apparent (Fig 1C,D) .
The expressed Vma5p is composed of 412 amino acids, 392 of which are of the native protein and 20 of which originated from the plasmid and the 6-histidine tag. In the structure depicted in Fig 2A (at 1.75 Å resolution), we could determine the coordinates of 364 amino acids and one tartrate molecule. The first 24 N-terminal amino acids and 24 amino acids in the solventexposed loop spanning amino acids 357-382 were disordered and did not appear in the structure. Thus, only the first four amino acids at the N-terminus of the reading frame are invisible. The protein is elongated and spans 103 Å from the upper amino acid (Pro 219) to the lowest amino acid (Pro 322; Fig 2A) .
The structure of Vma5p consists of three distinct domains. (1) An upper globular domain ('head') assembled by a polypeptide spans from amino acids Lys 166 to Ser 263. It is composed of four antiparallel b-sheets and two a-helices. (2) An elongated 'neck' consisting of a helix bundle is held by conserved amino acids that are connected by salt bridges-Lys 165 with Glu 273, Asp 72 with Arg 310-as well as prolines and glycines at the end of the helices and hydrophobic interactions mainly at the base of the three-helix bundle (Fig 2B) . (3) A lower globular 'foot' composed of the N-and C-termini of the protein. This domain shows similar structural features to the 'head', consisting of four anti-parallel b-sheets with two intertwining a-helices. Even though there is no sequence similarity between the 'head' and 'foot' domains, they could be superimposed with an r.m.s. difference of 1.67 Å (61 Ca atoms). The overall structure is similar to the low-resolution smallangle X-ray scattering solution structure, which was recently published (Armbrü ster et al, 2004) . The assertion that subunits C and H share similar structure does not seem to hold up at high resolution.
Fitting into an EM structure of V-ATPase
The published low-resolution structures that are available from electron microscopy and single-particle averaging of mammalian and yeast V-ATPases showed a similar general structure to that of F-ATPase (Wilkens et al, 1999; Harrison et al, 2003; Zhang et al, 2003) . It seems that, like F-ATPase, V-ATPase is composed of catalytic and membrane sectors that are held by a rotating shaft in the middle and a stator at the side of the enzyme. The structure of subunit C (Vma5p) that was solved in this work fits well with the apparent structure of the stator in the electron microscopy structure of yeast V-ATPase (Boekema et al, 1997; Harrison et al, 2003; Lolkema et al, 2003) . Superimposing the Vma5p structure on the published electron microscopy structure (Wilkens et al, 1999 (Wilkens et al, , 2004 Harrison et al, 2003; Zhang et al, 2003) showed that the general shape and the structural properties of Vma5p fulfil the requirements of the stator.
We propose that the 'head' domain is bound to the catalytic part of the enzyme, whereas the base of the 'neck' and 'foot' domains is bound to one of the membrane subunits. This notion is supported by the observation that V-ATPases are cold-sensitive enzymes (Moriyama & Nelson, 1989) shows a molecular surface map of the lower face of the 'foot' and 'neck' domains, which presumably interacts with the membrane sector. An apparent hydrophobic surface composed of conserved amino acids is situated in a strategic position. Hydrophobic interactions are weakened at a low temperature, and this property may contribute to the cold-induced detachment of the membrane sector. In a recent publication, Wilkens et al (2004) suggested the location of subunit C together with an unidentified moiety as a second stator. Our structure of Vma5p suggests that subunit C itself made up these two identities.
Most importantly, the flexible structure of the 'neck' domain fits the bill of a movable ratchet that functions in the conversion of the mechanical torque generated by the ATPase activity into proton pumping by the c-ring turbine (Junge et al, 2001 ).
Mechanistic implications of Vma5p structure
Models for rotation of the stalk have been proposed where the ring of c subunits rotates past a fixed subunit a in F-ATPases (Junge, 1999; Junge et al, 2001) , and a similar mechanism was proposed to operate in V-ATPases (Perzov et al, 2001; Nelson et al, 2002; Hirata et al, 2003; Imamura et al, 2003) . The structure of F-ATPase that was assembled from the crystal structure of partial complexes of mitochondrial F-ATPase (Abrahams et al, 1994; Stock et al, 1999; Gibbons et al, 2000; Kagawa et al, 2004 ) strongly supports the proposed mechanism. Thus, a complete cycle of the rotor (subunits c, g and e) yields three ATP molecules. The structure of the central stalk of an intact F 1 domain has recently been determined at a high resolution (Gibbons et al, 2000; Kagawa et al, 2004) . The structure of yeast F 1 attached to a ring of ten c subunits is also known at 3.9 Å resolution (Stock et al, 1999) . The close contact between subunits g and e and the c ring supports the idea that this central stalk and the c ring form the rotary ensemble of the ATPase motor. The reverse reaction of ATP-dependent proton uptake involves the hydrolysis of the three ATP molecules that cause a full cycle of the rotor.
Recent structural data from yeast (Stock et al, 1999) and chloroplast (Seelert et al, 2000) indicate that there are 10 and 14 c subunits per complex, respectively. Recently, the structure of the membrane domain of the Na þ -motive V-ATPase from Enterococcus hirae was solved and was shown to be composed of heptameric subunit K that is equivalent to the c subunit of eukaryotic V-ATPases (Murata et al, 2003) . Therefore, hydrolysis of a single ATP molecule will result in the pumping of 3.3 protons across the mitochondrial membrane, 4.7 protons across the chloroplast membrane and 2.3 Na þ across the E. hirae membrane. It was proposed that the coupling between the unmatched quantal values is mediated by the torque generated at the flexible stator of the respective enzymes (Junge et al, 2001) . Numerous biochemical and molecular biology experiments showed that the stator of F-ATPases is composed of a dimer of the b subunit of F o (Grabar & Cain, 2003) . The structure of the stator could be detected by electron microscopy (Rubinstein et al, 2003) . The two parallel helices, formed by the subunit b dimer, provide the flexible structure that may function in the translation of gradual torque into a 1201 quantal jump, and vice versa. V-ATPase contains subunit G (Vma10p), which is homologous to subunit b of F-ATPases (Supekova et al, 1995) . However, in V-ATPases, it lacks the membrane-spanning region, and it was assumed that it may fulfil a similar function to the b subunit of F-ATPase by binding to a membrane subunit at one end and to a catalytic domain at the other. We propose that the unique properties of V-ATPases require a new structure to fulfil the stator function, and that subunit C replaces the b subunit for this function.
The structure of Vma5p reveals two slightly twined, long a-helices that provide flexibility and enable movement of the 'head' in relation to the 'foot' domain (Fig 2A) . Indeed, the structure that was solved from the sitting-drop crystals shows a remarkable movement of the 'head' domain in relation to the 'foot' domain (Fig 3A,B) . Whereas minor structural changes were detected in the 'foot' domain, most of the structural changes took 
Evolutionary forces and structural constraints
The most recently published low-resolution structures of V-ATPases suggested the presence of two stators. One of them contains E and G (and probably parts of subunits a and H), and the other one contains subunit C together with an unidentified moiety (Wilkens et al, 2004) . The fabric of the first stator contained a conserved subunit G that is homologous to the b subunit of F-ATPase and novel subunits that were added after the V-ATPases diverged from the F-ATPases. We propose that a second flexible stator was added during the evolution of eukaryotic cells to fulfil the requirements of the highly adjustable proton pumping system that functions differentially in numerous organelles and various membranes. The cellular location of V-ATPase that faces the cytoplasm dictated several of its unique properties. As the organization of internal membranes in eukaryotic cells is facilitated by interactions with the cytoskeleton, it was not surprising that V-ATPase, which constitutes a major structure in specific organelles, directly interacts with the cytoskeleton. Both subunit B and subunit C were shown to have the property of actin binding in mammalian and insect V-ATPases, respectively (Holliday et al, 2000; Vitavska et al, 2003) . A structural search for proteins that bind actin showed that gelsolin contains similar structural features of the 'head' and 'foot' of Vma5p. Fig 4 shows the published structure of gelsolin-actin complex (Vorobiev et al, 2003) , and the fit of gelsolin and its complex with actin into the structure of Vma5p. It is apparent that gelsolin fits very well with the 'foot' and/or the structurally similar 'head' domains. The mode of precise interaction between Vma5p and F-actin may be determined in the future by their co-crystallization.
METHODS
The reading frame of VMA5 gene from Saccharomyces cerevisiae was amplified by PCR and cloned into the Nde1 and Xho1 restriction sites of a pET28a þ (Novagen Inc., Madison, WI, USA) expression vector to give a 6-His tag at its C-terminus. The protein was expressed in E. coli C43 or C41 cells (a generous gift from John E. Walker). The protein was purified in a four-step procedure and crystallized as previously described (Drory et al, 2004) . Two different crystal forms were obtained by the hanging-and sitting-drop methods after 1 week, and diffracted to 1.75 and 2.9 Å , respectively. The crystals that were obtained by hanging drops belong to space group P43212 (unit-cell parameters were a ¼ b ¼ 62.54, c ¼ 337.37 Å , a ¼ b ¼ g ¼ 901) with one molecule per asymmetric unit. The phases were solved by SIRAS with Lu(O 2 C 2 H 3 ), which gave one site (Drory et al, 2004) . The crystals that were obtained by the sitting-drop method belong to space group H3 (unit-cell parameters were a ¼ b ¼ 132.23, c ¼ 34.18 Å , a ¼ b ¼ 901, g ¼ 1201) with one molecule per asymmetric unit. The structure was solved by molecular replacement, using the 'foot' domain of the P43212 crystals as a search model and manual rebuilding with O of the upper part of the 'neck' and the 'head' domains (Drory et al, 2004) .
Atomic coordinates are deposited in the Protein Data Bank under accession number 1U7L. Supplementary information is available at EMBO reports online (http://www.emboreports.org). Structure of V-ATPase subunit C at 1.75 Å resolution O. Drory et al 
